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Four isogenic derivatives with stably increased glycopeptide MICs (all become resistant to teicoplanin) were
obtained from four glycopeptide-susceptible clinical isolates of Staphylococcus haemolyticus. All strains were
extensively analyzed and compared for a number of distinctive features. In particular, the results provided
insights into the puzzling issue of antistaphylococcal interactions between glycopeptides and �-lactams,
especially the paradox of double zones around �-lactam disks and the relationships between autolysis rate and
type of interaction.

Synergistic interactions between glycopeptides and �-lactams
against methicillin-resistant staphylococci have been documented
in several studies (3, 10, 13, 16, 17). As most extensively demon-
strated by Climo and coworkers (10), combinations of vancomy-
cin and �-lactams appear to be synergistic, especially against
staphylococcal strains with reduced susceptibility to vancomycin.
Consistent with these findings, Sieradzki and Tomasz (31) noted
that a highly vancomycin-resistant laboratory mutant of Staphylo-
coccus aureus became extremely susceptible to �-lactams com-
pared to its vancomycin-susceptible parent. In contrast, other
studies reported possibly concentration-dependent antagonistic
effects against S. aureus strains with various degrees and pheno-
types of glycopeptide resistance (1, 22, 24). False synergism due to
inappropriate testing methods has also been described (21). This
study was aimed at gaining new insights into this puzzling issue by
analyzing and comparing four isogenic pairs of teicoplanin-sus-
ceptible and -resistant strains of Staphylococcus haemolyticus.

S. haemolyticus and glycopeptide resistance. S. haemolyticus
is second in frequency only to Staphylococcus epidermidis
among clinical isolates of coagulase-negative staphylococci
(CNS) (2). Since early studies, S. haemolyticus is regarded as an
important nosocomial pathogen with a tendency to develop
multiple resistances (20). Indeed, it was the first gram-positive
pathogen to acquire glycopeptide resistance (6), earlier than
other staphylococcal species and enterococci, and has been
suggested to be unique among CNS in being predisposed to
develop glycopeptide resistance (30), which in this species may
be multifactorial (7). Population analysis indicated that het-
erogeneous expression of teicoplanin resistance is prevalent
among S. haemolyticus clinical strains and may be associated
with heterogeneous resistance to vancomycin (5). Moreover, in
cultures of this more often than of other staphylococcal spe-
cies, glycopeptides have been seen, under laboratory condi-
tions, to select for clones with increased glycopeptide (espe-

cially teicoplanin) MICs (6). It is worth noting that, among
clinical isolates, exposure to glycopeptides appears to be a
prerequisite to the development of resistance (10); in fact,
glycopeptide-resistant S. haemolyticus strains have typically
been recovered from patients subjected to prolonged courses
of glycopeptides (6).

Isogenic pairs of strains. Four glycopeptide-susceptible clin-
ical isolates of S. haemolyticus, identified by the API test sys-
tem (bioMérieux, Marcy-l’Etoile, France) and confirmed by
additional laboratory tests (2), were used to obtain derivatives
with increased glycopeptide MICs. Of the four isolates, two
(Sh1 and Sh2) were methicillin susceptible (MS) and two (Sh3
and Sh4) methicillin resistant (MR); all were �-lactamase pro-
ducers. After exposure to 10 �g/ml teicoplanin, according to a
procedure successfully used in previous studies in our labora-
tory (4), stable clones (Sh1R, Sh2R, Sh3R, and Sh4R) were
obtained from each parent.

Strain characterization and comparison. Broth microdilu-
tion MICs (11) of teicoplanin (Sanofi-Aventis Italia, Milan,
Italy), vancomycin (Eli Lilly Italia, Sesto Fiorentino, Italy), and
three �-lactams (oxacillin, penicillin, and ampicillin; all from
Sigma-Aldrich, Milan, Italy) for the four parents and the four
derivatives as well as other characteristics of these strains are
shown in Table 1. While an increased vancomycin MIC was
observed in a single clone (Sh2R; a twofold increase still con-
sistent with susceptibility), all four derivatives turned resistant
to teicoplanin, with MICs increasing 4 to 16 times. Population
analysis profiles (PAPs), determined as described elsewhere
(5), indicated that the four parents all had a heterogeneous
phenotype for teicoplanin and that only one (Sh3) had a het-
erogeneous phenotype for vancomycin. Of the derivatives, one
(Sh1R) exhibited a heterogeneous profile for teicoplanin and
none for vancomycin. For both parents and derivatives, van-
comycin PAP MICs, defined as the lowest antibiotic concen-
tration inhibiting 99.9% of growth (3-log10 decrease in the
number of CFU) (32), were two to four times higher than
conventional vancomycin MICs; a more heterogeneous range
of ratios was obtained with PAP MICs and conventional MICs
of teicoplanin. As regards �-lactams, no changes were re-
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corded for oxacillin MICs, and the mecA gene was detected by
PCR (27) in the MR derivatives as well as in their respective
parents. Penicillin MICs, unchanged in the two MR deriva-
tives, fell by 64 and 4 times, respectively, in the two MS deriv-
atives Sh1R and Sh2R, whereas ampicillin MICs varied only in
one MS derivative (Sh1R; a 16-fold decrease). blaZ, the struc-
tural gene of staphylococcal �-lactamase, was detected by PCR
(27) in all parents and derivatives, with �-lactamase production
being confirmed by the nitrocefin and iodometric assays (26).
All derivatives demonstrated ultrastructural differences with
respect to their parents that consisted mainly in cell wall thick-
ening and roughened surfaces observed by transmission and
scanning electron microscopy, respectively (data not shown).
Increased rates of autolysis, monitored by a turbidimetric assay
as described previously (14), were observed in all derivatives
compared with those observed in their parents, but these val-
ues dropped to parental rates or even lower when subinhibi-
tory teicoplanin was present in the growth medium and/or the
autolysis buffer. Though variable among parent strains, resis-
tance to lysostaphin, estimated from the rates of survival to its
action (12), was consistently enhanced in all derivatives and
further increased when the derivatives were grown in the pres-
ence of subinhibitory teicoplanin.

Checkerboard assays. Interactions between glycopeptides
and �-lactams were investigated by standard checkerboard ex-
periments performed in microtiter trays with Mueller-Hinton
II broth (Becton Dickinson Italia, Milan, Italy) containing 2%
NaCl, with synergism being determined from the fractional
inhibitory concentration (FIC) index (19). FIC indices were
interpreted as indicating synergism if values were �0.5, addi-
tivity if they were �0.5 to 1, indifference if they were �1 to 4,
and antagonism if they were �4. Glycopeptide-plus-�-lactam
combinations demonstrating synergism (FIC indices of �0.5)
were recorded against all parents and derivatives. Synergism
was most evident against MR derivatives, especially when the
glycopeptide in the combination was teicoplanin (Fig. 1A).
However, particularly with teicoplanin-containing combina-
tions against MR parental strains (Fig. 1B and C), additivity
(with oxacillin or penicillin) and indifference (with penicillin

or ampicillin) were observed at some drug concentrations;
even antagonism was seen against strain Sh3 at penicillin
concentrations of 0.06 and 1 �g/ml. Interestingly, the rate of
autolysis depended on penicillin concentration, with a lower
rate being displayed by strain Sh3, in the presence of 1
�g/ml teicoplanin, at the same penicillin concentrations
causing antagonism (Fig. 2).

Diffusion tests. Concentration-dependent teicoplanin–�-lac-
tam interactions were also observed using Etest strips (AB
Biodisk, Solna, Sweden). Synergism (strain Sh3R) and antag-
onism (strain Sh3) were demonstrated by comparing teicopla-
nin strips on Mueller-Hinton agar unsupplemented (Fig. 3A
and C) or supplemented with 1 �g/ml penicillin (Fig. 3B and
D). Using penicillin and oxacillin strips, incomplete inhibition,
with a double zone (growth immediately around the strip with
a zone of inhibition farther out) around the former (Fig. 3E)
and a barely appreciable double zone around the latter (Fig.
3F), was observed for all MR test strains (both parents and
derivatives). Further diffusion tests were performed using com-
mercial disks (Oxoid Ltd., Basingstoke, United Kingdom) of
oxacillin (1 �g), penicillin (10 �g), and ampicillin (10 �g) on
Mueller-Hinton agar, variably supplemented with teicoplanin
or vancomycin and 2% NaCl. All MS test strains showed
increased zones of inhibition compared to those observed
in equivalent medium without teicoplanin. The difference was
especially apparent with strain Sh1 around penicillin and am-
picillin disks (Fig. 4A and B). All MR test strains showed
characteristic double zones around penicillin and ampicillin
disks and an incomplete zone of inhibition (with colonies grow-
ing within the zone) around oxacillin (strain Sh3 is shown in
Fig. 4B). Such unusual zones were not observed in teicoplanin-
free medium (strain Sh3 is shown in Fig. 4A), except for de-
rivative Sh3R; indeed, this was the sole strain showing double
zones also in the absence of teicoplanin, provided that the
medium contained 2% NaCl (Fig. 4A). Slightly smaller double
zones around penicillin and ampicillin disks were still observed
with MR strains in NaCl-free medium supplemented with 1
�g/ml teicoplanin (Fig. 4C) or 0.25 �g/ml vancomycin, albeit in
this case less evidently and only with strain Sh3R (Fig. 4D).

TABLE 1. Glycopeptide and �-lactam susceptibilities and related characteristics of four isogenic pairs
of teicoplanin-susceptible and -resistant strains of S. haemolyticusa

Strain

MIC (�g/ml) for:
Population analysis
profile/PAP MIC

(�g/ml) forb: Detection of
mecA gene

Detection
of blaZ

gene

Detection of
�-lactamase
production

% Decrease
in OD620

c
% Survival to
lysostaphind

VAN TEC OXA PEN AMP VAN TEC Without
TEC

With
TEC

Without
TEC

With
TEC

Sh1 1 4 1 8 8 homo/4 hetero/4 � � � 8 0.3
Sh1R 1 32 1 0.125 0.5 homo/2 hetero/16 � � � 49 10 1.9 21.7
Sh2 2 8 0.5 2 2 homo/4 hetero/4 � � � 36 1.0
Sh2R 4 64 0.5 0.5 2 homo/8 homo/64 � � � 70 17 8.8 69.2
Sh3 4 8 512 64 64 hetero/8 hetero/64 � � � 29 0.3
Sh3R 4 32 512 64 64 homo/16 homo/128 � � � 82 42 49.5 98.9
Sh4 1 2 256 64 64 homo/2 hetero/8 � � � 22 0.03
Sh4R 1 32 256 64 64 homo/2 homo/32 � � � 55 33 4.8 92.5

a VAN, vancomycin; TEC, teicoplanin; OXA, oxacillin; PEN, penicillin; AMP, ampicillin. �, presence; �, absence.
b homo, homogeneous profile; hetero, heterogeneous profile.
c Percent decrease in optical density at 620 nm in the absence of teicoplanin or, with the derivatives, in the presence of 10 �g/ml teicoplanin in the growth medium

and the autolysis buffer.
d Percent survival after 45 min of incubation in 250 �g/ml lysostaphin of bacterial cells grown in antibiotic-free medium or, with the derivatives, in medium containing

10 �g/ml teicoplanin.
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Final comments. Contradictory observations about antistaphy-
lococcal interactions between glycopeptides and �-lactams are
not easy to explain and may partly reflect an incomplete knowl-
edge of the mechanisms responsible for glycopeptide resistance,
the expression of methicillin resistance, and the complex regula-
tion of peptidoglycan synthesis in staphylococci. The implications
are also clinical: at variance with others, who held that acqui-
sition of glycopeptide resistance would eliminate the potential
for achieving a synergistic effect by combining a glycopeptide
with another antibiotic (25), Climo and coworkers (10) dem-
onstrated that synergism between vancomycin and �-lactams
applies especially to staphylococcal strains with reduced van-
comycin susceptibility and concluded that combination therapy

may be a reasonable alternative in treating infections caused
by staphylococci with reduced susceptibility to glycopeptides.
However, a recent study was unable to demonstrate in an in
vivo experimental model the synergism described in vitro (18).

This study of four isogenic pairs of teicoplanin-susceptible
and -resistant strains of S. haemolyticus showed synergism to be
the predominant interaction, especially against MR derivatives
when the glycopeptide used in the combination was teicopla-
nin. However, different interactions were observed at particu-
lar teicoplanin–�-lactam concentrations in both checkerboard
and diffusion assays. The paradox whereby MR strains tested
in teicoplanin-containing agar form alternate zones of growth
and nongrowth at different distances from the disk (i.e., at

FIG. 1. Combination effects, resulting from broth microdilution checkerboard tests, of teicoplanin plus oxacillin against test strains Sh3R and
Sh4R (A), teicoplanin plus ampicillin against test strains Sh3 and Sh4 (B), and teicoplanin plus penicillin against test strains Sh3 and Sh4 (C). FIC
indices are given at appropriate points.
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different �-lactam concentrations) could reflect synergistic or
antagonistic interaction depending on drug concentrations.
This was even better documented in Etest assays, where the
inhibition area of the double zone was likely to be the expres-

sion of synergism between teicoplanin and �-lactams over a
limited concentration range. The double-zone phenomenon
around a �-lactam disk has previously been noted, with CNS,
around imipenem disks and explained as an effect of inducible

FIG. 2. Autolysis rates of strain Sh3 at different times (expressed as percent decrease in optical density at 620 nm [OD620]) in the presence of 1 �g/ml
teicoplanin and different penicillin concentrations: z, 0.06 �g/ml; u, 0.25 �g/ml; o, 1 �g/ml; and ■ , 8 �g/ml. �, control (antibiotic-free medium).

FIG. 3. Diffusion tests using Etest strips. Zones of inhibition around teicoplanin strips (A to D) on Mueller-Hinton agar unsupplemented or
supplemented with 1 �g/ml penicillin and inoculated with strain Sh3 or strain Sh3R. Incomplete growth inhibition around penicillin (E) and
oxacillin (F) strips, with a clear double zone around the former and a barely distinguishable one around the latter, on Mueller-Hinton agar
supplemented with 1 �g/ml teicoplanin and inoculated with strain Sh3R.
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drug resistance (8) or as a unique feature of MR strains of S.
haemolyticus containing vancomycin-resistant subpopulations
(29). However, other factors may have a critical role, including
methicillin resistance, the presence of NaCl in the medium

(enhancing the expression of staphylococcal resistance to both
methicillin [9] and vancomycin [33]), and high-level glycopep-
tide resistance (resulting from population analysis and not
conventional MICs). On the other hand, in S. haemolyticus (6,

FIG. 4. Diffusion tests using commercial disks. Zones of inhibition around oxacillin, penicillin, and ampicillin disks for selected test strains,
using Mueller-Hinton agar, supplemented with 2% NaCl (A), 2% NaCl and 1 �g/ml teicoplanin (B), 1 �g/ml teicoplanin (C), or 0.25 �g/ml
vancomycin (D), as the test medium.
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7, 32), as well as in S. aureus (12, 17, 23, 31), high-level glyco-
peptide resistance may be associated with cell wall alterations
that render the strain more sensitive to �-lactams and autol-
ysins, whose action may further vary with the presence of
glycopeptides.

Synergism between glycopeptides and �-lactams against MR
staphylococci has been suggested to be related to the substrate
specificity of PBP2a (10) for monomeric disaccharide pen-
tapeptides (7, 15). Autolysis, whose increase reflects cell wall
impairment rather than increased autolysin production (28),
may play a major role in glycopeptide–�-lactam interactions
against MR S. haemolyticus strains; at least in part, synergism
or antagonism might result from higher or lower autolysis rates
induced by specific �-lactam concentrations.

This work was supported in part by a grant from the Italian Ministry
of Education, University and Research.
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